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Childhood tuberculosis infection and disease: A spatial and 
temporal transmission analysis in a South African township 
Keren Middelkoop, Linda-Gail Bekker, Carl Morrow, Eugene Zwane, Robin Wood 
Tuberculosis (TB) is a leading cause of mortality and morbidity 
globally.  South Africa has the largest per capita TB burden in 
the world, and its TB notification rates are highest in crowded 
urban areas.1,2 Although DOTS programmes (directly observed 
therapy, short course) have reduced TB prevalence and death 
rates in many regions of the world, implementation has not  
significantly impacted on TB transmission and incidence 
in Africa.1 Adult TB disease comprises a combination of 
recent infections and reactivation of latent TB, and therefore 
represents both recent and past TB exposure. HIV co-infection 
increases the progression to disease of both recent and latent 
TB infection.3,4 In contrast, childhood infection is acquired 
predominantly from adults, as child-to-child transmission 
is uncommon,5 and young children with TB infection have 
a greater risk for progression to active disease than adults.6 
Infection and disease in young children are therefore a measure 
of recent TB transmission.
Country-specific TB rates in children are usually reported 
as smear-positive TB rates per 100 000 of the <15-year-old 
population.1 This may substantially underestimate the true 
child TB burden due in part to the low proportion of smear-
positive cases in children.7 Furthermore, childhood TB disease 
occurs most frequently in children <2 years, resulting in the 
numerator of disease for this small age group being diluted by 
the larger population denominator (0 - 14-year-olds). This may 
explain why, despite significant increases in overall TB rates in 
the Africa region, the reported rates of childhood TB disease for 
South Africa have remained relatively unchanged since 2002.1,8
We have previously reported a growing TB epidemic in a 
peri-urban township heavily affected by HIV in Cape Town, 
South Africa. Recently urbanised, overcrowded, consisting 
largely of informal dwellings and with a population of low 
socio-economic status, the township is a well-demarcated, 
geographically isolated community.  The HIV prevalence is 
23% among adults9 and 10% among adolescents aged 11 - 19 
years.10 The National TB Control Programme, based on WHO 
DOTS recommendations, appears to be functioning well at the 
community’s single clinic, with treatment completion and cure 
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Background. Tuberculosis (TB) remains a leading cause of 
mortality and morbidity in South Africa. While adult TB 
results from both recent and past infection, childhood TB 
results from recent infection and reflects ongoing transmission 
despite current TB control strategies.
Setting. A South African community with high rates of TB and 
HIV disease.
Outcomes. A Geographic Information System was used to 
spatially and temporally define the relationships between TB 
exposure, infection and disease in children <15 years of age 
with exposure to adult HIV-positive and HIV-negative TB 
disease on residential plots between 1997 and 2007.
Results. During the study period the annual adult TB 
notification rate increased from 629 to 2 106/100 000 and the 
rate in children aged <15 years ranged between 664/100 000 
and 1 044/100 000. The mean number of exposures to adult 
TB for TB-uninfected children, latently TB-infected children 
and TB cases were 5.1%, 5.4% and 33% per annum and the 
mean number of adult smear-positive cases per exposed child 
was 1.0, 1.6 and 1.9, respectively. Acquisition of TB infection 
was not associated with HIV status of the adult TB case to 
which the child was exposed, and 36% of child TB cases were 
diagnosed before the temporally closest adult case on their 
plot.
Conclusions. Childhood infection and disease were 
quantitatively linked to infectious adult TB prevalence in an 
immediate social network. Childhood infection should be 
monitored in high-burden settings as a marker of ongoing TB 
transmission. Improved knowledge of township childhood 
and adult social networks could also facilitate targeted active 
case finding, which may provide an adjunct to currently 
failing TB control strategies. 
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rates of sputum-positive cases of approximately 80%2 and case-
finding rates of 67% in HIV-negative smear-positive patients.9 
However, local TB notification data show a rapid escalation 
in TB notification rates in adults. In particular the incidence 
rate of smear-positive TB increased from 326/100 000 in 1996 
to 1 307/100 000 in 2005.11,9 During the same period childhood 
TB notification rates have increased, but less markedly. We 
also reported a remarkably high TB prevalence rate of 26% 
in children aged 5 - 8 years, and a mean annual risk of TB 
infection in children of 4.1%.12 
There are few data on TB exposure, infection and disease in 
children in a high TB and HIV disease burden setting. Adult 
TB notification data from this community and Geographic 
Information System (GIS) software were used to correlate the 
relationships between TB exposure, infection and disease in 
children with exposure to adult HIV-positive and HIV-negative 
TB disease on residential plots over time. The temporal 
association between adult cases and childhood disease was 
also explored.
Methods
The study community consists of a formal sector with 
demarcated, individually numbered serviced plots and 
an informal sector of shacks sharing communal services. 
Childhood TB disease cases from 1997 to 2007 were extracted 
from the community TB register. Childhood TB infection data 
were obtained from school-based tuberculin skin test (TST) 
surveys performed in the community in 2006 and 2007.12 
The analysis was restricted to residents in the formal sector 
(approximately 78% of the community) who use the assigned 
plot number as their address; 1 - 20 houses are built on a single 
plot (average of 4 houses/plot). All adult TB cases notified by 
the community TB clinic between 1997 and 2007 were cross-
referenced with both childhood TB cases and TST results from 
the school surveys. Children diagnosed with childhood TB 
disease during the study period were excluded from the TST 
database for this analysis. Adult TB cases were defined as 
patients ≥15 years of age and children as <15 years. Childhood 
TB infection was defined as an induration ≥10 mm in response 
to 2 units of purified protein derivative (PPD) administered 
intradermally.12 Demographic and clinical data including age, 
gender, TB clinical diagnosis and HIV status were collected 
from the TB register and clinic records. These studies were 
approved by the University of Cape Town’s Research Ethics 
Committee. 
Data were analysed using STATA 9.0 (StataCorp, College 
Station, Texas). Bivariate analyses employed Student’s t-
test, Wilcoxon’s sum rank test and the chi-square test, as 
appropriate. Rates of notified child disease were calculated 
using population denominators from community census 
data obtained in 1996, and biennially from 2002 to 2008 using 
linear interpolation. The time difference between adult and 
child cases was calculated based on the year of case diagnosis. 
Analysis of childhood TB cases initially included all adult TB 
exposures on the same residential plot, followed by an analysis 
of the adult TB exposure with the closest temporal link to each 
childhood TB case. Multiple logistic regression models were 
developed to determine characteristics of adult TB cases that 
were associated with positive TST results. As the age of the 
child was the only known factor associated with a positive 
TST result in the TST sample,12 logistic regression models 
assessing factors associated with TST positivity included this 
variable and models were adjusted for clustering effect on 
plots. TB case characteristics were included as binary exposures 
(any exposure to a TB case with a particular characteristic) 
and as counts of exposures to a TB case with a particular 
characteristic, per child. All statistical tests were 2-sided at 
α=0.05. Average annual exposure rates for disease, infection 
and non-infection were calculated by dividing the percentage 
exposed to adult disease by the median age of the group of 
interest.
The ArcMap 9.2 (Esri™) Geographic Information System 
was used to assess the spatial distribution of childhood TB 
disease, infection and exposure with linked adult cases in the 
community.
Results
The population childhood TB notification rate varied between 
315/100 000 and 1 105/100 000 over the study period, and 
adult TB rates increased from 629/100 000 to 2 106/100 000. 
Of the 1 708 notified TB cases 1 386 (81%) were resident in the 
formal sector. Of these 1 386 notifications 1 212 were adult and 
171 were childhood cases, with 3 cases excluded from analysis 
because no age was recorded. TB cases in the formal sector 
did not differ from those in the informal sector in terms of age 
(p=0.21), gender (p=0.83), site of TB disease (i.e. pulmonary v. 
extrapulmonary disease (EPTB); p=0.60), HIV status among 
those tested (p=0.58) and outcomes of TB treatment (p=0.16). 
However, TB cases from the formal sector were more likely 
to be transferred out of the community than those from the 
informal areas (11% v. 6% respectively, p=0.016). 
Childhood TB disease and exposure to adult TB at 
residence
The average annual rate of childhood TB disease in the 
formal sector of the community was 721/100 000 for all TB 
notifications and 65/100 000 for smear-positive TB. The median 
age of the 171 childhood TB cases was 2 years (interquartile 
range (IQR) 1 - 6 years), and 58% were female. In total 120 
(70%) of cases were classified as primary TB, with 28 cases 
(16%) of pulmonary TB (PTB) and 23 cases (13%) of EPTB. 
The HIV testing was performed in 52 children (33 positive, 
19 negative). Childhood TB cases occurred on 144 plots in the 
community, with a range of 1 - 3 cases per plot (mean 1.19 
cases per plot).
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Overall 113 (66%) of the childhood TB patients had one or 
more exposures to a notified adult TB case on their residential 
plot during their lifetime, with an annual exposure rate of 
33%. In 28% of cases a family name was shared with one of 
the adults notified on the plot. In total 105 children (61%) were 
exposed to adult PTB cases, 91 being exposed to a mean of 
1.9 smear-positive PTB cases and 40 to smear-negative PTB 
cases (53% of all child TB cases v. 23%, p<0.001). Fig. 1 shows 
the distribution of child TB cases and adult TB cases in the 
community. Children who were exposed to TB cases on their 
residential plot did not differ from those children not exposed 
in terms of age (p=0.23), gender (p=0.51) or HIV status (p=0.76). 
However, childhood TB cases not exposed on their residential 
plot were more likely to be retreatment TB cases than those 
exposed on the plot (12% v. 4%, p=0.03). 
A total of 47 (42%) adult cases occurred in the same year as 
the child cases, 25 (22%) occurred before the child case and 
41 (36%) occurred after the child case. When restricting the 
analysis to the adult TB case most closely linked temporally 
to each child case, the time interval between cases varied from 
3 years before the child TB case to 8 years after the child TB 
case (Fig. 2, a). The disease characteristics of the closest adult 
TB cases by time are shown in Table I.  The adult cases that 
occurred in the same year, before the child TB case and after 
the child case, did not differ from each other with respect to 
age (p=0.91), gender (p=0.55), HIV status (p=0.87) or treatment 
outcome (p=0.40). The time interval between diagnosis of all 
adult exposure cases and the child case ranged from 9 years 
before the diagnosis of the child TB case to 10 years after 
(median 1 year after child case; IQR 1 year before to 4 years 
after) (Fig. 2, b).  
Childhood TB infection and exposure to adult TB at 
residence
Of the 831 children analysed in the TST survey, 651 (78%) 
lived in the formal sector and 640 (77%) of these had not had 
childhood TB. The subset of 640 children used in this study 
did not differ from the total TST study sample in terms of age 
(p=0.95), gender (p=0.25), BCG status (p=1.00) or positive TST 
reaction (p=0.69).  
Of the 640 formal sector TST survey participants, 359 
(56%) had been exposed to an adult TB case on their plot, 
and the proportion exposed was significantly higher among 
TST-positive compared with TST-negative children (65 v. 
51%; p=0.001). The average annual exposure rate for children 
with infection was 5.4% per annum and for children without 
infection 5.1% per annum. Table II shows the distribution of 
type of adult TB case by TST result. 
Fig. 1. Distribution of childhood TB cases and of notified adult TB cases 
from 1997 to 2007 in the community.
Fig. 2. Distribution of time difference between all adult TB exposures 
and childhood TB case (2a) and distribution of time difference between 
temporally closest adult TB exposure and childhood TB case on the same 
residential plot in study community (2b).  
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Fig. 3 (a and b) show the distribution of adult TB cases with 
TST-positive and TST-negative results, respectively. The odds 
of a positive TST result was 71% higher in those children 
exposed to any TB case on their plot (odds ratio (OR) 1.71; 
95% confidence interval (CI) 1.20 - 2.44), 88% higher in those 
exposed to PTB (OR 1.88, 95% CI 1.32 - 2.68), and 110% higher 
in those exposed to smear-positive PTB disease (OR 2.10, 95% 
CI 1.46 - 3.01) compared with no plot-based exposure to adult 
TB. Exposure to smear-negative TB was not associated with 
a positive TST result (OR 0.95, 95% CI 0.59 - 1.54), and this 
finding persisted after adjusting for HIV status of notified 
adult TB cases (OR 0.68, 95% CI 0.21 - 2.18).
Multiple exposures increased risk further, and the odds of a 
positive TST result increased by 60% for every additional 
exposure to a smear-positive PTB adult (OR 1.60, 95% CI 1.21 - 
2.11). The mean number of adult smear-positive exposures for 
TST-positive children was significantly higher than for TST-
negative children (1.6 v. 1.0, p<0.001).
Discussion
We have shown that children in this community have 
extremely high exposure to adult TB on their residential 
plot. The strongest association of childhood TB infection and 
disease was with adult cases of smear-positive PTB rather 
than smear-negative PTB or EPTB. There was no independent 
risk of infection associated with exposure to adults with HIV-
associated TB, in keeping with the previous finding in this 
community that child TB notification rates have not increased 
parallel with adult HIV/TB notification rates.12 It is therefore 
probable that the HIV epidemic may indirectly impact on 
childhood TB disease rates by increasing the burden of 
adult smear-positive TB cases in children’s immediate social 
network.11 
While TST surveys can assess rates of TB infection in 
children, our residential plot analysis was unique in allowing 
an assessment of annual rate of exposure to adult TB cases. 
The average annual exposure to adult TB case on residential 
plots was high for all children living on serviced plots in this 
community (5.1%), but was extremely high for children with 
TB disease (33% per annum). These exposure rates probably 
drive the high rates of child TB infection and disease in this 
community. By age of 6 years, at school entry, approximately 
Fig. 3. Distribution of TST positive (a) and TST negative (b) results and of 
adult TB cases from 1997 to 2007 in the community.
Table I. Temporal associations between childhood TB cases and exposure to temporally closest adult TB cases on the same 
residential plot
   Exposure to adult          Exposure to adult Exposure to adult smear-    Exposure to adult smear-
   TB case (N (%))         PTB case (N (%)) positive PTB case (N (%))    negative PTB case (N (%))
Child TB cases (N=171) 113 (66)          92 (53)  75 (44)      17 (10)
Adult TB case notified  72 (64)          60 (83)  48 (67)      10 (14)
before or in same year
as child case
Adult TB case notified  41 (36)          32 (78)  27 (66)      5 (12)
after child case
p-value*    <0.001          0.47   0.93      0.80
*Comparison of exposure proportions between adult cases notified before or in same year as child, with those notified after child case.
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26% of children are latently infected with TB12 and most 
adolescents are infected before sexual debut.12,10 The average 
annual TB notification rate for children under 15 years in this 
community was 721/100 000 and their smear-positive rates 
were nearly 3-fold higher than the South African national rates 
(83 v. 30/100 000).1 The very high rate of HIV-related TB in 
young adulthood may also result from the high proportion of 
young adolescents latently infected with TB.
The residential plots contain multiple households, which 
share communal water and sanitation services and constitute 
a geographically defined unit for social interaction between 
adults and children outside the immediate household. Family 
names differed between children and all their adult exposures 
in 72% of cases. 
This study was restricted to the formally serviced sector 
in which 78% of the community is resident. We could not 
define the geographical area of interaction between adults and 
children living in the informal sectors, and shack identifiers in 
this sector were not constant over the study period. For this 
analysis we also assumed that the children had all lived in 
the community since 1997 or from birth. Some children may 
have moved into the community subsequent to these dates; 
however, this would have decreased the strength of association 
between adult and child TB exposures and resulted in an 
under-estimation, rather than over-estimation, of the contact 
rate between adult and children with TB infection and disease. 
The majority of childhood TB disease (64%) was diagnosed 
in the same year or soon after an index adult TB case was 
notified to the TB control programme. However, over a 
third of child TB cases in this study were notified before the 
temporally closest notified adult case on their plot. Adult cases 
were diagnosed as much as 8 years after the childhood case of 
TB. These more temporally distant cases probably represent 
secondary or even tertiary cases due to ongoing adult-to-adult 
transmission. Potential explanations for this delayed adult 
presentation include a primary source that may have remained 
subclinical, who subsequently moved off the plot, or died 
before diagnosis. However, these data illustrate a significant 
prevalence of undetected and untreated adult TB on these 
plots. 
Molecular epidemiology from this community shows that 
adult-to-adult transmission occurs predominantly outside the 
residential plot.13 The use of molecular epidemiology among 
children is complicated by the low frequency of smear- and 
culture-negative disease. However, we have demonstrated that 
child TB infection and disease rates are strongly associated 
with exposure to adult TB within their restricted social 
environment as defined by their residential plot. The high rates 
of child TB infection and disease therefore indicate failure to 
control prevalent infectious adult cases. To reduce TB exposure, 
enhanced and active case finding (ACF) must be combined 
with the DOTS-based programme. The yield of ACF will vary 
in different settings. A random, community-based survey in 
this community showed that 0.1% of the adult population had 
undiagnosed smear-positive TB and an equal proportion had 
undiagnosed culture-positive TB, similar to the range of 0.1 - 
0.2% in case finding surveys in other developing countries.14,15 
We postulate that ACF targeted at residential plots, rather than 
only households, may have a higher yield than these cross-
sectional surveys and may decrease the prevalence of infectious 
cases, resulting in a lower rate of transmission to children. In 
addition to the TB case detection yield, efficacy of such a 
targeted intervention over time could be assessed through 
repeated TST surveys in children, to ascertain the impact on 
childhood infection rates.
In conclusion, TB transmission within households and close 
social networks is an important component of both childhood 
infection and disease in this community. Childhood TB is a 
sentinel of infectious adult prevalence and therefore childhood 
infection and disease rates need to be monitored in these 
high prevalence settings in order to ascertain the true burden 
of infection and disease. Targeted ACF, aimed at close social 
networks of child TB cases may be an appropriate intervention 
in this setting. 
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